A b:s tract. We have studied the hepatic messenger RNA (mRNA) activity profile in chronically azotemic rats and sought to determine whether the observed changes could be mediated either by reduced food intake or diminished thyroid function at the tissue level. mRNA activity profiles were produced by twodimensional gel electrophoretic separation of radioactively labeled products of an in vitro reticulocyte lysate system which had been programmed by hepatic RNA. Of the -240 translational products identified in this system, seven sequences were consistently altered in azotemia. In pair-fed animals six of these also decreased, but the alterations in three were depressed to a significantly lesser extent in the pair-fed group. Moreover, analysis of covariance suggested that food intake could account for the differences in only one sequence. The possibility that the mRNA activity profile in azotemia could represent the effects of diminished thyroid function was minimized by the finding that the reductions in plasma thyroxine (T4) and triiodothyronine (T3) levels observed were due largely to reduced plasma protein binding, with maintenance of the mean free T4 and free T3 concentrations within the normal range. The changes in only one mRNA sequence could be related to free T3 levels alone. Our findings, therefore, indicate that
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To test this possibility, we chose to study chronic azotemia produced by subtotal nephrectomy in the rat. This model was of special interest to us since the decreased food intake and growth retardation that accompany it reflect similar phenomena in the clinical uremic syndrome (4) . Moreover, a recent report by Lim et al. (5) indicates that the level of circulating triiodothyronine (T3)1 is reduced in the chronically partially ne-phrectomized rat, as has been observed in azotemic man (6) . This report also suggested that in the rat model the reduction in circulating T3 leads to tissue hypothyroidism, as reflected by reduced activities of hepatic alpha-glycerolphosphate dehydrogenase (a-GPD) and malic enzyme (ME). We therefore set out to define the mRNA profile in azotemia. Furthermore, we addressed ourselves to the specific question of whether or not the changes in the mRNA activity profile produced in azotemia could be explained either by a reduction in food intake or by the development of tissue hypothyroidism.
Methods
Azotemia was established by two-stage subtotal nephrectomy in male Sprague-Dawley rats (250 g body wt) by the method of Chanutin and Ferris (7) . The second stage of nephrectomy was performed 4 d after the first stage. All animals were housed singly throughout the experiment.
Nephrectomized and control rats had access to Purina Rat Chow (Ralston Purina Co., St. Louis, MO) ad lib. Each rat of the third group, pair-fed controls, received a ration equal to that consumed by its azotemic mate the previous day. Animals were killed 21 d after the first stage of nephrectomy. Liver was frozen immediately at -800C and plasma was removed and frozen at -20'C for further determinations.
mRNA activity profiles were determined by a modification of the technique previously described (1). Total hepatic RNA was extracted in 8 M guanidine hydrochloride (8) . 20 jig of total RNA was added in vitro to a rabbit reticulocyte lysate system (Bethesda Research Laboratories, Bethesda, MD) in the presence of [33S]methionine (Amersham Corp., Arlington Heights, IL). The protocol recommended by the supplier was followed with the exception that additional magnesium chloride was not added to the reaction mixture. Two-dimensional gel electrophoresis of the translated products (I X 106 trichloroacetic acidprecipitable cpm per gel) was performed as originally described by O'Farrell (9) . Autoradiograms of the two-dimensional gels were prepared and each spot was assigned an arbitrary reference number (see Fig. 1 ) by the nomenclature of Seelig et al. (1) . As detailed in Carr et al. (3) , gels were visually inspected to determine those spots that showed consistent changes from one state to another on all gels. Such spots were quantitated by computer-assisted videodensitometry (10). To validate this procedure, Carr et al. (3) quantitated a group of spots chosen by number from a random number table. None of these was found to be significantly altered. In the present study, '30 spots thought not to be altered after visual inspection were quantitated. No significant treatment-related differences in mean values were observed. Since equal amounts of radioactivity were applied to each gel, intensities of individual autoradiographic spots represent the relative translational activity of the corresponding hepatic mRNA sequence.
Activities of hepatic ME (11) and mitochondrial a-GPD (12) , as well as total protein (13) , DNA (14) , and RNA (15) were measured as previously described. Plasma thyroxine (T4) was measured by radioimmunoassay with a commercially available kit (Kallestad Laboratories, Inc., Austin, TX), and plasma T3 concentrations were measured by the method of Surks et al. (16) . Serum blood urea nitrogen and creatinine were determined by the clinical laboratory at the University of Minnesota Hospitals using an automated method (Autoanalyzer).
The plasma dialysis fraction of T4 and T3 were determined as previously described (17) (19) . Production rates were calculated from the product of the MCR and the concentration of circulating hormone measured by radioimmunoassay.
In order to estimate the T3 content of hepatic nuclear T3 receptors in vivo, four animals from each experimental group were injected intravenously with tracer quantities of ['I51]T3 with or without an accompanying loading dose of nonradioactive T3 (10 Ag/100 g body wt). Animals were killed 30 min later. The nuclear/plasma ratio was determined as previously described with appropriate subtraction of the nonspecific nuclear/plasma (N/P) ratio (20) . The nuclear content of T3 was estimated from the product of the specific N/P ratio and the concentration of plasma T3.
Statistical evaluation of differences between groups was performed by a one-way analysis of variance using the Newman-Kuels procedure (21) . The analysis of covariance (21), using hepatic nuclear T3 content, plasma free T3 concentration, food intake, or combinations of these variables as covariates, was applied to the logarithmically transformed spot intensities [log. (spot intensity + 1)] to assess the possibility that these variables could be determinants of spot intensity. The significance of differences between mean group spot intensities after adjustment by analysis of covariance was assigned by the two-tailed t test (21) .
Results
The effects of experimental conditions on food intake and growth are displayed in Fig. 2 . After the second-stage nephrectomy, the azotemic rats ate only 52% of the amount of food consumed by the normal control rats. Weight gain ceased. Likewise, equivalent restriction of food intake of unoperated animals also led to a cessation of weight gain. In Table I are summarized data from a separate series of studies in which the effects of azotemia on hepatic composition were examined. In this series, by day 21 there was not only cessation of growth but some loss of body weight. The azotemic and pair-fed control animals weighed 89 and 86% of their initial body weights, respectively, whereas control animals fed ad lib. averaged 129% of their starting value. 60% of the operated animals died within 48 h of the second stage of nephrectomy, but there were no deaths among the pair-fed control group.
At 21 d the liver weight of the azotemic and pair-fed animals was also significantly lower than that of controls fed ad lib. (Table I) , presumably as a result of growth arrest. There were no significant differences in the hepatic RNA/DNA ratio or the protein/DNA ratio among the groups. The normal hepatic RNA and protein content of the azotemic and pairfed control rats contrasts with the markedly reduced RNA and protein content of livers of totally starved rats (2) .
Plasma T3 levels were significantly (P < 0.05) depressed in the azotemic animals to 69% of the control values, but were unchanged in pair-fed rats (Table II therefore are consistent with a euthyroidal state of hepatic tissues in our azotemic preparation.
The hepatic mRNA activity profiles, however, revealed striking and consistent changes in the pair-fed and azotemic animals ( Although the mean free T3 concentrations in control and azotemic animals did not differ significantly, -20% of the free T3 values in the azotemic group were .2 SD below the mean of the ad lib.-fed controls. We therefore examined the possibility that the free T3 concentration could be the only determinant of the intensity of individual spots by applying analysis of covariance (21) . In addition, we used this statistical approach to assess the potential contributions of nuclear T3 and food intake. The results demonstrated that although a significant relationship between spot intensity and the nuclear T3 or free T3 concentration was present, significant differences remained among the groups for all spots except spot 3. Similarly, adjustment for food intake did not correct for group differences except for spot 8 ( Table V) . Analysis of the mean spot intensities in relationship to the combined variables of nuclear T3 content and food intake showed that significant differences persisted among the groups for most of the spots.
Discussion
Our (5) 6.0±0.04 (6) 9.7±0.4 (7)f § FT4 (ng/ml) 2.00±0.17 (5) 1.73±0.12 (6) 1.86±0.04 (7) finding that animals pair fed with the azotemic group showed precisely the same cessation in weight gain as that manifested by the azotemic animals, and demonstrated a comparable arrest in liver growth. These results are thus compatible with the hypothesis that growth retardation in the azotemic animals is mediated by a reduction in food intake. However, since it is possible that the diminution in food intake is secondary to a primary failure in the appropriate utilization of nutrients, a causal relationship between diminished food intake and growth retardation has not been established. We have also examined the effect of azotemia on hepatic genomic expression as determined by mRNA activity profiles.
Each spot visualized in such patterns is presumed to represent the translational activity of one mRNA sequence. Since there are -10,000 expressed genes in the hepatic cell (22) and only -240 spots are seen, it appears probable that the sequences represented in the autoradiographs are the translational products of mRNA's with multiple copies per cell. Though in many instances translational activity has been shown to be proportional to the mass of a specific mRNA this cannot be presumed to be the case for each of the sequences studied. Our results showed that azotemia is associated with a statistically significant decrease in the activity of seven mRNA sequences. Of these, the identity of only one, that of spot exportable hepatic protein found in male rats, which is excreted in the urine and is dependent on testosterone, growth hormone, and cortisol for its synthesis (23) . One of the mRNA sequences (spot 4) fell only in azotemic animals whereas the remaining six were reduced in pair-fed animals as well. Despite the striking overlap in the sequences affected, the reduction in food intake could not account for all of the changes observed. Thus, three of the sequences were reduced to a significantly greater extent in azotemic rats than in the pair-fed group. Moreover, analysis of covariance established that only for one spot, spot 8, could the differences between groups be accounted for by food intake alone. The possibility that the genomic alterations were due to a lowering of circulating T3 was explored in view of previous reports by Lim et al. suggesting that subtotal nephrectomy results not only in a lower circulating T3 but also in diminished activity of hepatic a-GPD and ME (5) . These authors, therefore, proposed that the nephrectomized animal was a potentially useful model of the clinical "low T3 syndrome" that characterizes many chronic illnesses in man (24).
Our results do not, however, support the concept that a reduction in thyroid hormone function at the tissue level accounts for the changes observed in mRNA activity profiles, except perhaps for spot 3. Most important was the finding that despite a 32% reduction in the total T3 level the mean concentration of free T3 in the azotemic rats did not differ significantly from that in normal animals, owing largely to a decrease in the plasma binding of T3. Moreover, there was no significant reduction in the level of nuclear T3.
Although the difference in the mean free T3 concentration between azotemic and normal animals was not statistically significant, 20% of azotemic rats did exhibit a subnormal free T3 concentration. Therefore, we investigated the potential relationship of free T3 and nuclear T3 with the intensity of specific mRNA translational products by an analysis of covariance. This analysis showed that only one sequence (spot 3) revealed a significant relationship between spot intensity and the level of free T3 or nuclear T3 alone.
Group-related differences were more effectively excluded by the use of nuclear T3 and food intake as combined covariates for spots 3, 8, and 10. However, it appears highly unlikely that thyroid hormone alone acts as a major determinant of the observed changes in azotemia, especially in view of our finding of nonsignificant differences between the levels of hepatic a-GPD and ME, two exceedingly T3-sensitive enzymes.
Our studies also cast considerable doubt on the general suitability of the azotemic animal as a model of low T3 syndrome in man. Thus, in man there is a clear decrease in the concentration of T3, which is not primarily determined by a decrease in plasma protein binding (6) . In addition, the net production rate of T3 in azotemic man is decreased whereas in our model it remains unchanged. Since in other studies we have shown that in the normal rat the bulk of circulating T3 is derived from the peripheral conversion of T4 (Kinlaw, W. B., H. L. Schwartz, and J. H. Oppenheimer, unpublished observations) it appears highly unlikely that the 3-wk azotemic animal exhibits any evidence of diminished peripheral T4 to T3 conversion, a hallmark of the clinical syndrome.
The discrepancy between our findings and those of Lim et al. (5) may be related to the fact that these investigators made most of their observations 6 wk after nephrectomy, rather than after the 3-wk period we used. Contrary to our results, Lim et al. reported diminished levels of hepatic a-GPD activity and a lowered free T3 index as determined by resin assay. Thus, it appears possible that a prolonged period of experimental azotemia may produce tissue hypothyroidism. Nevertheless, these authors did show a decrease in a-GPD at 4 wk, when the total T3 was still not different from normal.
The results of the present set of experiments should also be compared with previously published reports from our group dealing with the genomic effect of 5 d of complete starvation and the effect of total thyroidectomy (2). In those states, more affected mRNA sequences were reported than in the present studies with azotemic and pair-fed animals. The activity of eight mRNA's fell in hypothyroidism whereas seven showed an increase. In starvation, nine mRNA sequences decreased and six increased. Remarkably, however, almost all of the mRNA sequences that decreased in azotemia were also reduced in 5-d starvation and hypothyroidism. The larger number of changing mRNA sequences after 5-d starvation suggests that this stimulus is more potent than those represented either by 3 wk of pair-feeding or by azotemia. This conclusion appears reasonable because normal rats cannot survive for more than 6 to 7 d of total starvation. The animal starved for 5 d can therefore be considered to be preterminal.
Although our data indicate that the genomic effects of azotemia cannot be attributed exclusively to diminished food intake, the finding that six of the seven sequences reduced by azotemia are also reduced by pair feeding animals is intriguing. A possible explanation is that azotemia is characterized by a reduction in nutrient use. This could result in mRNA activity changes similar to those observed after simple food deprivation. Perhaps such a reduction in nutrient use could be mediated in part by the well-documented resistance to both insulin (25) and growth hormone (26) in the azotemic state. The observation of profoundly lowered levels of a newly described growth hormone-dependent plasma protein of hepatic origin in sera of our azotemic rats by Berry and Seelig (personal communication) provides additional evidence of an impaired hepatic response to growth hormone in this model.
It appears possible that the mRNA activity profile of the azotemic animal may be characteristic of other examples of systemic catabolic disease. The adaptive value of the decrease in specific mRNA sequences observed, however, remains speculative. We have previously proposed that starvation is associated with a selective decrease in the level of specific mRNA's coding for proteins which do not play an essential role in lifepreserving processes (2) . This could result in fuel and energy conservation. A similar explanation could be advanced for the changes in azotemia and catabolic disease in general. The finding that the mRNA for alpha2u-globulin (spot 15) decreases to 3% of its control value in azotemia would be in accord with this hypothesis. Alpia2u-globulin is present only in male rats and is presumed to subserve a reproductive function in this sex. This might qualify the protein as optional under the circumstances. In this context, cessation of growth could also be considered an adaptive phenomenon. Both the failure of the animal to grow and the fall in alpha2u-globulin, which is highly sensitive to growth hormone (23) could be due to the development of growth hormone resistance in the azotemic rat.
